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In this letter, a variant of scanning force microscope for detecting attractive forces is reported. 
The force gradients of the attractive forces acting in two orthogonal directions were detected 
simultaneously from the resonant frequency shifts of a cantilever oscillating in two directions. 
Using the fine electrode sample, the distributions of the electrostatic forces acting in lateral and 
vertical directions were visualized separately. 
Since the introduction of the force microscope,’ it has 
proved to be a powerful tool for the evaluations of conduc- 
tive and nonconductive surfaces.2 In general, static and 
dynamic detection modes have been used for sensing the 
repulsive’ and attractive forces,’ respectively. In both 
modes, the force in the direction normal to the surface has 
been commonly used for the imaging. However, the force 
acting in the specific direction is valuable to characterize 
the particular surfidce properties. In the case of the static 
mode, the frictional image of the surface was successfully 
obtained from the lateral deflection of the cantilever with 
atomic-scale sensitivity.” The simultaneous detection of the 
vertical and lateral forces in the static mode was also dem- 
onstrated.” On the other hand, in the dynamic-mode force 
microscopy, the orientation change of the magnetic do- 
main in the tip can, in general, be expected to provide 
inform&ion about the in-plane magnetic field.5b Similarly, 
the detection of the directional components of van der 
W‘aalls force, capillary force, and electrostatic force are also 
important for the. detailed characterization of the surface.’ 
ISpecially, the detection of directional electrostatic force 
will be useful for the test of microelectronic devices since 
the potentiometric image”-” and the image of localized 
charge*“-‘” were obtained with the sensitivit.y superior to 
the previous works. 
In this letter, we introduce a dynamic-mode force mi- 
croscope for sensing the directional force gradients. The 
operation of the proposed system is demonstrated by the 
detection of the vertical and lateral components of the elec- 
trostatic force acting on the fine electrode structure. 
The experimental setup of the proposed microscope is 
shown in Fig. 1. Figure 1 (a) shows the cantilever-tip part 
and Fig. 1 (b) shows the experimental setup of the micro- 
scope system. The cantilever is glued to a quartz plate to be 
oscillated in lateral (x) direction, and the quartz plate is 
fixed to a piczoelectric transducer (Tokin NLA-5 X 5 X 9) 
to oscillate the cantilever in the vertical (z) direction. The 
force gradients in x and z directions are detected from the 
respective vibrations. The cantilever is made of a 4.0-mm- 
long tungsten wire with SO-pm diam. One edge of the can- 
tilever with 1.0~mm length is bent at a 90” angle to form a 
tip. A 4O+m-thick and 0.5-mm-wide piece of aluminized 
glass is glued to the end of cantilever as a reflector of laser 
light. The spring constant is 12 N/m. The tip is etched by 
applying the ac voltage (100 Hz, 5 VPP) in a 1N NaOH 
solution. 
In general, the resonant frequency f r (Hz) of the can- 
tilever is simply given by the equation 
1 AZ E1 
fr=,,p -J’ r 
where E, I, 1, A, and p are module of elasticity, moment of 
inertia, cantilever length, cross sectional area, and density, 
respectively, l5 and a is equal to 1.875 for the first harmonic 
mode of vibration. The moment of inertia is dependent on 
the beam shape. The resonant frequency of the vibration in 
z direction is, in general, different from that in the x direc- 
tion due to a difference of the moment. In our experiments, 
the resonant frequencies for the vibrations in z and x di- 
rections were 1.337 and 1.358 kHz and the Q values for the 
(a) QUARTZ-PLATE 
CANTILEVER 
PZT 
“1’2 
( b) SAMPL L‘ 
FIG. 1. Experimental setup of the force microscope. (a) Cantilever part, 
(b) the experimental setup. 
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FIG. 2. (a) Schematic diagram of the electrode sample. (b) Vertical (z 
direction) force gradient image of the sample. (c) Lateral (x direction) 
force gradient image of the sample. 
vibrations were 170 and 150, respectively. The difference of 
the resonant frequencies was considered to be caused by 
the bend of the cantilever in our experiment. The de5ection 
of the cantilever is detected from the deflection of the laser 
beam. A laser diode (Applied Opt-Planning, 670 nm, 5 
mW) is used as the light source. A quadrant-cell photode- 
tector (Hamamatsu, S1557) is used to measure the beam 
deflections in the x and z directions separately, and the two 
signals S, and S, are fed to the phase sensitive detectors 
(NF, 561OB), respectively. The other parts of the experi- 
mental setup are the same as used before.‘eyl’ The force 
gradient is detected from the shift of the resonant fre- 
quency in the manner similar to that used in Refs. 2 and 
10, The tip-sample distance is controlled by keeping the 
phase of S, constant and thus the force gradient in z direc- 
tion is kept constant. The force gradient in x direction is 
detected from the phase shift of S,. 
The imaging properties of the force microscopy can 
best be appreciated with the consideration of a specific 
example. The sample used in the experiments consists of 
the comb electrodes (2 pm line/space).” Figure 2(a) 
shows the schematic diagram of the sample. The electrode 
is made of chromium film on glass substrate by litho- 
graphic process. Figures 2(b) and 2 (c) show the vertical 
and lateral force gradient images of the sample obtained 
simultaneously. Figure 2(b) is the image obtained by keep- 
ing the force gradient in the z direction (signal S,) con- 
stant. On the other hand, Fig. 2(c) corresponds to the 
phase signal shift of the force gradient in x direction (sig- 
nal S,). The voltage applied to the each electrode is 10 V. 
The preset value of the force gradient in the z direction is 
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FIG. 3. Cross-sectional profiles of the measured and calculated images of 
the electrode sample. (a) Vertical (z direction) force gradient image 
(measured). (b) Vertical force gradient image (calculated). ( c) Lateral 
(x direction) force gradient image (measured phase shift). (dj Lateral 
force gradient image (calculated). 
0.09 N/m, which is equal to the frequency shift of 5 Hz. In 
Fig. 2(b), since the force gradient of the electrostatic field 
in the z direction is kept constant, the positions where the 
strength or the vertical electric field is larger are shown to 
be higher in the image (potentiometric image). The image 
contrast changes with the period of 4 pm, which is consis- 
tent with the pitch of the electrode. The distance between 
the tip and the surface of the sample was evaluated to be 
approximately 100 nm. In Fig. 2(c), the phase of S, 
changes at the positions where the tip is located to the 
edges of the electrodes. The maximum value of the phase 
shift is equal to lo”, which corresponds to the force gradi- 
ent of 0.01 N/m. 
The cross-sectional profiles of the images are shown in 
Fig. 3. Figures 3 (a) and 3(b) show the measured and 
calculated profiles of Sz and Figs, 3 (c) and 3 (d) the phase 
shifts of S,, respectively. The results shown in Figs. 3(b) 
and 3(d) were calculated on the basis of the electrostatic 
theory’5 using a point charge as a tip (the dotted parts 
denote rough estimations). If the sample substrate is set 
parallel to the direction (X axis) of the lateral vibration of 
the tip, the force gradient should be symmetric with re- 
spect to the center of each electrode. The image profile was 
measured repeatedly after changing the tilt of the sample. 
We observed the profiles such as obtained by turning over 
those shown in Fig. 3 (c) with respect to the center of each 
electrode. Although it was difficult to set the sample ex- 
actly parallel to the direction of the lateral tip vibration in 
our experimental setup, the asymmetry in profile was at- 
tributed to the tilt of the sample. In the calculations, it was 
assumed that the sample was tilting by 15” to the direction 
of the lateral tip vibration. As shown in Fig. 3, the mea- 
sured profiles were explained by calculations. Therefore, 
Fig. 3(c) shows the distribution of the lateral component 
of the electrostatic force gradient. 
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In conclusion, we reported a variant of the scanning 
force microscopy in dynamic mode. A small cantilever was 
oscillated simultaneously in the two directions in the force 
field. The lateral and vertical components of the force gra- 
dient were detected from the frequency shifts of the respec- 
tive rtionant frequencies. The distribution of the electro- 
static force acting on the fine electrodes (2 p.rn line/space) 
was investigated. The image attributed to the vertical force 
and that to the lateral force were obtained separately. The 
lateral component of the force gradient was enhanced at 
the edge of the electrode and was nearly equal to one-fifth 
of the vertical component. The proposed technique is ea- 
petted to be applicable to the detection of other attractive 
forces also. 
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